A pseudogene with 94% similarity to mitochondrial cytochrome c oxidase subunit I (COI) was identified and localized to chromosome 4 of Drosophila ananassae. Because this chromosome is believed to have reduced recombination, its history can be traced using the pseudo-COI sequence. Pseudo-COI sequences were 
Introduction
The Drosophila ananassae species complex is suitable for molecular phylogenetic and evolutionary studies because the entire genome of a strain of D.
ananassae was recently sequenced (Drosophila 12 Genomes Consortium, 2007) . In fact, the population structure of D. ananassae and its sibling species has been analyzed using several nuclear/mitochondrial genes and microsatellites (Chen et al., 2000; Vogl et al., 2003; Baines et al., 2004; Das et al., 2004; Schug et al., 2004 Schug et al., , 2007 Schug et al., , 2008 C.S. Ng and A. Kopp, personal communication) . The D. ananassae species complex is one of three species complexes recognized in the ananassae group, recently elevated from a subgroup of the melanogaster group (Kaneshiro and Wheeler, 1970; Lemeunier et al., 1986; Da Lage et al., 2007) . Eleven species have been described in the D. ananassae species complex (Tobari, 1993) , but two of them were recently removed from this complex (Da Lage et al., 2007) ; the complex now includes D. ananassae, D. atripex, D. cornixa, D. ironensis, D. monieri, D. nesoetes, D. ochrogaster, D. pallidosa, and D. phaeopleura.
Within the D. ananassae species complex, D. ananassae and D. pallidosa are very closely related. D. ananassae is widely distributed in the tropics and subtropics, presumably expanding its distribution with human migration (Tobari, 1993) . Although 4 its place of origin is unclear, the center of D. ananassae diversity is in Southeast Asia (Vogl et al., 2003; Baines et al., 2004; Das et al., 2004; Schug et al., 2004 Schug et al., , 2007 Schug et al., , 2008 .
This species has two color morphs; one is the light cosmopolitan form, and the other is the dark form seen in the populations sympatric with D. pallidosa (Futch, 1966 (Futch, , 1973 Tobari, 1993; Tomimura et al., 1993) . D. pallidosa is endemic to Samoa, Tonga, Fiji, and New Caledonia (Futch, 1966; Stone et al., 1966; Tobari, 1993) , and was described as a new species mainly based on the reduced number of rows in the sex-comb and its lighter body coloration than D. ananassae (Bock and Wheeler, 1972) .
D. ananassae and D. pallidosa may have several cryptic species, which
together we refer to as the 'D. ananassae species cluster'. The cryptic species are different in the chromosome configuration (i.e., carrying at most eleven specific inversions) and courtship songs (Futch, 1966; Tomimura et al., 1993; Yamada et al., 2002; H. Yamada, T. Sakai, and Y. Oguma, unpublished ; see also Schug et al., 2008) .
Despite their morphological similarity, they can be distinguished by reproductive isolation (Doi, 1997; Y. N. Tobari and M. Matsuda, unpublished) . The degree of sexual isolation varies depending on the pair of populations and the direction of the cross, and some hybrids are sterile.
Among the potential cryptic species of the D. ananassae species cluster, one 5 inhabiting Papua New Guinea, called 'pallidosa-like', is phenotypically similar to D. pallidosa and shares with it all chromosome inversions except one or two (Tobari, 1993; Tomimura et al., 1993) . Because pallidosa-like populations exhibit phenotypic variation and are sometimes intermediate between D. ananassae and D. pallidosa, these populations may be of hybrid origin or represent a hybrid swarm. Some of the pallidosa-like flies first collected in Wau, Papua New Guinea, are apparently reproductively isolated from the others, and this population is called 'pallidosa-like-Wau'. Futch (1966) recognized another cryptic species in Papua New Guinea and informally called it 'papuensis'. Similar flies ('papuensis-like') were collected in later expeditions, but the chromosome configuration is slightly different (Tomimura et al., 1993) . This may have been caused by recent introgression from D.
ananassae. Papuensis-like also has been recorded in Cairns, Australia (Tobari, 1993) .
Another cryptic species, 'Taxon-K', has been found in Kota Kinabalu, Borneo, Malaysia (Tobari, 1993; Tomimura et al., 1993) . Its distribution has been expanding in Southeast Asia, and the flies can now be collected in Taiwan (C.S. Ng and A. Kopp, personal communication) and Yaeyama Islands, Japan (M. Watada, Y. Tomimura, and M.
Matsuda, unpublished).
Our interest was to determine the phylogenetic relationship of the taxa 6 belonging to the D. ananassae species cluster. Because some of them are sympatric (D.
ananassae and D. pallidosa in the South Pacific; D. ananassae, pallidosa-like, pallidosa-like-Wau, and papuensis-like in Papua New Guinea; D. ananassae and Taxon-K in Southeast Asia) and reproductive isolation is incomplete (at least under laboratory conditions), they might share polymorphism because of incomplete lineage sorting or historical gene flow. We selected a nuclear mitochondrial pseudogene, pseudo-cytochrome c oxidase subunit I (pseudo-COI), for the present molecular analysis. This pseudogene has substantial similarity to mitochondrial COI and is also useful to study mitochondrial gene transfer to the nuclear genome. In the present report, the pseudogene is localized to chromosome 4, which is believed to have reduced recombination; its syntenic chromosome is virtually non-recombining in D.
melanogaster (Hochman, 1975) . Therefore, the history of the chromosome can be traced from this pseudogene. The present results will elucidate the evolutionary relationships among the taxa belonging to the D. ananassae species cluster.
Materials and methods

Flies and sequencing
The sequences of the AABBg1 strain were taken from the D. ananassae Aug. 
Sequence alignment and construction of a haplotype network
The pseudo-COI sequences of the examined strains were aligned with the pseudo-COI sequence of AABBg1 using Genetyx ver. 6 (Genetyx Corporation), and nucleotide substitutions and insertion/deletions (indels) were searched by eye. The 8 results near the primers were ambiguous, so only sequences corresponding to nucleotide positions 56 to 577 of AABBg1 (Fig. 1) were considered in the present analysis.
Because only seven haplotypes, each separated by a few mutation steps, were detected, the haplotype network was constructed manually.
Population genetic analysis of pseudo-COI
Nucleotide diversity within taxon (π; Nei, 1987) , net average pairwise differences between taxa (D a ; Nei, 1987) , and F ST (Hudson et al., 1992) (Hey and Nielsen, 2004) .
We used the IM program (available at http://lifesci.rutgers.edu/~heylab/ HeylabSoftware.htm#IM) to estimate the marginal posterior probability distributions for six demographic parameters, including two-directional gene flow rates. Fifty million steps were sampled after a burn-in of 10,000 steps. Three independent runs revealed similar patterns for each demographic parameter.
9 (Moriwaki and Tobari, 1993) . Females from the spa 82 strain were crossed to TNG males, and the F 1 males were backcrossed to spa 82 females (Fig. 2 ). The DNA from spa/spa and spa/+ F 2 flies was isolated and amplified by PCR as described above and then digested with PvuII (Takara Bio, Inc.) at 37C for 2 hr. The fragments were electrophoresed on a 1% agarose gel or with the HDA-GT12 Genetic Analyzer (eGene, Inc.) and examined for RFLP.
Localization of pseudo-COI
Results
Sequence of pseudo-COI and its nearby region
The 630-bp sequence from the AABBg1 strain of D. ananassae 
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Because of frame shifts (a substitution of 3 bp with 10 bp and a 14-bp deletion) and stop codons, the pseudo-COI sequence does not appear to encode protein.
A haplotype network of pseudo-COI
The sequences of interest were amplified from 26 of the 30 strains examined; amplification failed in two pallidosa-like-Wau (WAU61 and WAU92) and two papuensis-like (LAE360 and LAE376) strains. Because several different primer sets that were designed based on the AABBg1 reference sequence failed to amplify the region, the nearby sequences of pseudo-COI might have diverged in these strains. Inspection of the resulting chromatograms indicated no heterozygosity of sequences in the 26 flies examined.
We recognized seven haplotypes (#0 -#6) in the sequences (Table 1 and 2) and constructed a haplotype network (Fig. 3) . Taxon-K (haplotype #6) is quite different from the others, and of them, #2 is the most closely related; 18 mutation steps (17 substitutions and one indel) separate them. In Figure 3 , the branch leading to haplotype #6 is attached to a hypothetical haplotype to minimize the mutation steps. 
Genetic localization of pseudo-COI
The pseudo-COI gene is within scaffold_13077 of the D. ananassae genome 
Discussion
Origin of pseudo-COI
Interestingly, the predicted intron of 13077.47 of D. ananassae contains not only an interspersed sequence but also a sequence with substantial similarity to mitochondrial COI. These sequences might have accumulated in this region as junk DNA. Transposition of mitochondrial genes to the nuclear genome is common in many 15 organisms but such nuclear mitochondrial (Numt) sequences are rare in D.
melanogaster, presumably because pseudogenes are easily lost from the compact genomes (for reviews see Perna and Kocher, 1996; Zhang and Hewitt, 1996; Bensasson et al., 2001; Richly and Leister, 2004 ). The present case will provide an opportunity to study the mechanism of mitochondrial gene transfer to the nuclear genome. Although the precise mechanism of integration has not been described, Numts are frequently 
Historical population structure inferred from pseudo-COI
Gene flow, genetic drift, and natural selection in speciation
Because some haplotypes of mitochondria or the Y chromosome are shared between different taxa of the D. ananassae species cluster (C.S. Ng and A. Kopp, personal communication; see also Schug et al., 2008) , gene flow between sympatric populations is also presumed, although it might be the result of incomplete lineage sorting. Recent population genetics analysis using microsatellite markers has suggested that divergence between some D. ananassae populations-even from the same locality-is much higher than that from the outgroup D. pallidosa (Schug et al., 2007) .
Although this can be explained by a hypothesis that D. pallidosa is derived from a local population of D. ananassae, this finding might also be the result of historical gene flow; the genetic distance between species of sympatric populations can be decreased by gene flow.
Importantly, the sequence analyzed in the present study is on a chromosome in which recombination is suppressed. The genealogy of the gene must correspond to that of the chromosome, and we can trace the history of the chromosome using the present data. In this context, it is interesting that the same haplotype (#4) is nearly fixed in the South Pacific populations of D. ananassae and D. pallidosa. Although this may have resulted from genetic drift (i.e., #4 is adaptively neutral), it is also plausible that #4 was fixed by natural selection for genes on chromosome 4 (i.e., selective sweep or 18 background selection) (Berry et al., 1991; Begun and Aquadro, 1992; Stephan and Mitchell, 1992; Hilton et al., 1994; Chen et al., 2000; Wang et al., 2002; Machado and Hey, 2003; Noor and Kliman, 2003; and references therein) . The nucleotide diversity of D. ananassae populations from wider geographic range (π = 0.00586) is, however, similar to that of ten X-linked loci (on average, π = 0.0079; Das et al., 2004) . On the contrary, the unique haplotype of Taxon-K (#6) might be the result of higher mutation rate and/or natural selection for genes on chromosome 4. Gene flow from sympatric D.
ananassae to Taxon-K must be restricted, as hybrid males from the cross of D.
ananassae females and Taxon-K males are sterile (Y. N. Tobari and M. Matsuda, unpublished).
In the present study, we examined only chromosome 4, a small portion of the genome. Apparently, more genes are necessary to elucidate the comprehensive history of the cryptic species belonging to the D. ananassae species cluster. Stephan, W., Mitchell, S.J., 1992. Reduced levels of DNA polymorphism and fixed between-population differences in the centromeric region of Drosophila ananassae. (Hudson et al., 1992) . NA: not available (see text). 
forward primer → interspersed sequence 
pseudo-COI A A A G T T A G C T C T C C T T T C C T G T T T C A A T A C A T T T A G C T G A A A T T T T T G A C 100
COI ・ ・ ・ A ・ ・ ・ ・ ・ ・ ・ C A T ・ ・ ・ ・ ・ ・ ・ ・ COI a.a. L N T S F F D PvuII pseudo-COI C C A G C T G G A G G G G G A
G A T C G A A T T T T A T A T C A A C A T T T A T T T T G A T T T T T 150 COI
・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ C ・ ・ ・ ・ ・ ・ ・ ・ ・ C ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ COI a.a. P A G G G D P I L Y Q H L F W F F
pseudo-COI T G G A C A C T C A G A A G T A T A T A T T T G A A T T T T A C C A G G A T T C G G A A T A A T T T 200 COI
・ ・ ・ G ・ ・ ・ C ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ T ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ COI a.a. G H P E V Y I L I L P G F G M I S
pseudo-COI C T C A A A T T A T T A G A C A A G A A T C A G G T A A A A A G G A A A C A T T T G G A T C T T T A 250
COI ・ ・ ・ ・ T ・ ・ ・ ・ ・ ・ ・ ・ T ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ C ・ ・ G ・ ・ ・ ・ ・ ・ COI a.a. H I I S Q E S G K K E T F G S L
pseudo-COI G G A A T A A T T T A T G C A A T A T T A G C A A T T G G A T T A T T A G G T T T T A T T G T A T G 300
M I Y A M L A I G L L G F I V W
pseudo-COI A G C T C A C C A T A T A T T C A C T G T T G G G A T A G A C G T T G A T A C T C G A G C T T A T T 350
pseudo-COI T T A C T T C A G A A A C T A T A A T T A T T G C T G T T T C A A C T G G T A T T A C A T T T T C C 400
pseudo-COI A G A T G A T T A G C T A C A T T A C A C G G A A C T C A A T T T A C T T A T T C C C C T G C T A T 450
pseudo-COI T T T A T G A G C A T T A G G A T T T G T A T T T A T A T T T A C A G T A G G T G G T T T T A G C T 500
・ ・ COI a.a. L W A L G F V F L F T V G G V L A G A T T A A C A G G A G T T L T G V
pseudo-COI A A T T C T T C T G T T G A T A T T A T T C T T C C T G A T A C A T A T T A T G T T G T A G C T T A 550
pseudo-COI T T T T C A T A A T G T A A G T T A A C G C A C C C A G T T C C C A T A A A G A G A A A T T G C C G 600 COI/complementary ・ ・ ・ ・ ・ ・ C T ・ ・ ・ ・ G G T C A A G G G T A T T T C T C T T T A
